


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1966 


A photo-elastic study of stress distribution in 
ship transverse bulkheads 


Figueiredo, Arthur Ramos.; Marangiello, Daniel A.; Guerra, 
Walter V. 


Massachusetts Institute of Technology 


http://hdl.handle.net/10945/9609 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


) τ D U DLEY research materials and institutional publications created by the NPS community. 
FW : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


Im KNOX appointed — and published — scholarly author. 

| | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


NPS ARCHIVE 
1966 





FIGUEIREDO, A. 


A PROTO-ELASTIC STUDY OF STRESS DISTRIBUTION 
IN SHIP TRANSVERSE BULKHEADS 





Arthur Ramos Figueiredo 
Daniel Angelo Marangiello 
and 
Walter Vilela Guerra 


UDLE Y KNOX LIBRARY 
AL POSTGRADUATE SCHOOL 


MONTEREY CA 93043-5104 





Library 
U. S. Naval Postgraduate School 


Monterey, California 


























— } 





ARTHUR RAMOS FIGUEIREDO 
) 
end 

SUMETEED IN PARTIAL FULFILLMENT OF THE 
5 FOR THE DEGREE OF 
RAVAL, ENGINEER 

and 
WALTER VILELA GUERRA 


SUBMITTED IM PARTIAL FULFILLMENT OF THE 











έ 


una | A 9 fv 


JP) 
Le l, S VISA pr 


μον 


ΠΠ 
Fig er ed ο, Å, 
κπσεσητεῖα ZXYTO © WWM otar 





A PHOTO-ELASTIC STUDY OF THES STRESS DISTRIBUTION 
IN SHIP TRANSVERSE BULAHEADS 
by 
ARTHUR RAMOS FIGUEIREDO 
and 
DANIEL ANGELO MABRANGIELLO 


Submittel to the Department of Naval Architecture 

and Marine Engineering on 21 May 1956 in partial 

fulfillment of the requirementa for the degree of 
Naval Engineer 


and 
WALTER VILSLA GUERRA 


Submitted to the Department of Naval Architecture 

and Marine Engineering oun 21 May 1956 in partial 

fulfillment of the requirements for the degree of 

Master of Science in Nevyel Architecture and Marine 
Engineering 


ABSTRACT 

This thesis 19 & eontinuation of the work of Rockwell Holman, 
reference (13). The general objective ls the determination of date 
pertinent to the design of ship transverse bulkheads, Specifically, 
this thesis investigates the distribution of load between side and 
botton supports for an unstiffened bulkhead subjected to a concen- 
trated load applied centrally in its plane. The effect of a verti- 
eal centerline stiffener on this distribution is also investigated. 


Tre photo-elastic approach was used and the Shear Difference 
method employed in computing the shear stress distribution over the 
side support. 


Two rectangular plates * ee dimensions were used. Iso- 
chramation were recorded by phi "anhing the loaded Catalin 61-893 
plate. Isoelinies were obtained by tracing the pattern shown on the 
less sensitive Plexiglass plate. 





Curves were obtained for the shear stress distribution at the 
sides for the unstiffened plate supported at sides only, and at sides 
ami bottom, and for the stiffened plate supported at sides and bottom. 


Overall accuracy was determined to bs within 10$. 
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The addition of the stiffener hed little effeet on the shape of 
the shear distribution, tut it reduced appreciably the part of the 
load taken by the bottom. 


The validity of these results should be investigated further by 
photo-elastio studies using pistes of various aspect ratios with 
several stiffener errangemenss, 


Thesis Supervisor: William 4, Murray 


Title: Professor of Mechanieal Engineering 
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Engineer and Master of Science in Naval Architecture aná Marino 
Engineering, we herewith submit a thesis entitled: "A Photo-Elastic 
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Whenever a structure ic being designed all efforts are made by 
the designer toward a least weight solution that stili fulfllle the 
safety requirements, A solution of this kind can oniy be obtained if 
rellsble formulation is available, based on regulis of careful thec- 
retical and experimental studies of stress distribution, By the use 
of available technique and the similation of the same conditions as 
taose which exist in a ship's transverso bulkhead, we attempted to 
draw reliable conclusions concerning quantitative ani quelitetive 
characteristics of the stresses in the supports of a plate subjected 
to a concentrated co-planar compressive loed., 

One of the beat techniques available is that of using the photo- 
elastic theary to determine ctrees patterns through isoelinics aad 
isochramatic lines, This is the technique used in our experiments, By 
supporting the plate at the sides end bottom, we attempted to meke con- 
ditions similar to a ship's transverse bulkhead. Furthermore, the 
simulation was improved by providing the plate with vertical centerline 
stiffeners for cme pert of the experiment. 

The experimental work in this thesis was simplified a great deal 
by the fact that most of the apparatus necded was already available 
froa previous woric, (13) Recommendations ani results from this previous 
work were also considered, 

At the request of the Society of Naval Architects and Merine Pn- 
gineers the problem concerning the action of the stiffeners in distri- 
buting the deck loadsa into the sides and bottom of the vessel has been 
&pproached by other groupe, utilizing reetenguler flat platea of vari- 
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ows aspect ratios, The current practice in thie matter la given ty the 
Bureau of Ships which specifles thet “stiffeners shall be erranged and de- 
Signed sc that when acting with a strip of milknead plating not exceeding 
sixty times the plating thickness they will bs adequste to support that 
part of ocncentrate’d vertical loads which cannot be emwidered ag being 
distributed to the bulinead dowdariss through shear in the bulkhead 
plating. The vertieal load which is considered to be distributed to the 
boundaries by shear should be be@ed upon a shear sicoss in the plating 
for one deck height (er where nm deck is commected below the point of 
application of the load; then Y feet) of sbout one-half the critical 
shear stress for the thiclkmess cf plating end size of panel in question," 
The check of the validity of such a specification was one of our goals in 
this thesis, 

Several studies of plates subjected to rmeral aná eo-planer loads 
have been made. The investigation of failure by instability accounts for 
most of the literature in this field end the problem involving buckling 
loada of stiffened and uostiffened rectangular pletes saumes to be staat- 
ily approaching a satisfactory siege. Considerable work, both experi- 
mental ani analytical, on buelkling and failure of rectangular plates in 
eoupreszion 79? , their behavior uader the action ol” shearing forees(3), 
and also, how they behave after bucklingU/), has been reported in the 
Literature, 

The stress distribution in flat plates at loads below oritioal have 
had less experimental attention ssi moet investigation has been Cone 
analytically, Civil engineers have worked on the determination of stress 
distribution in deep beams’), This work ¿s applicable to ship structure 


as well, 
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Photoelastiíolty has been wei a grest deel to determine stress 
distribution in beam, Several theories and stataments have been cheek 
ed by the use o£ this valuable tool. A quite veaerkuble reference to 
the use of this techzsigue is ihe investigatlan of etrugsez in a restan- 
pilar ber by means of polarized light.) ia 1912. The purpose of this 
study wae to verify the results of Samit-Venant sunserning the parabolis 
distribution of atear im 4 loag ban of rectangular aoss sectioa at e 
digtenee from tha points of loading, 

The cirst attang to investigate tha sicazs distribution on a 
atiffened plate by the wee of photoslasticity was presented, to tae best 
of 4he writers! Xnovloáge, uy reference 13) watsh limited the extent of 
the study to determination of the isoalinie pattern for threes agpect 
ratios, 

Several methods are available for determination of stresses, In 
reterense(®), for ingtanee, a problem somewhat stailar to ows was 
studied, namely, “the siress field of a plane plate reenforasd by a 
longitwilinal girder and subjected to tension in a direction parallel 
vitr the girder", Professor Hovsgard's mataol was to teko the average 
value for shearing sliecasos between the cirder and the plate at any 
section, He thea obtained an expression for the relative displacement 
from the difference caused by these average stresses betreen plate and 
girder and tae integral expression for the total elastic work in the 
systen, From this, by tae xnethod of variation, the stresses were de- 
tvernined, In reference'®), the zotusl instead of erorege stress wag 
used hy determining enalyticelly tac sizoue fleld, lowever, e contin- 
ususiy attached girer pramented 6 quite involvoi matemaltiosl analysis 
ami caused the authors to replace the camtinucus attached girder by one 
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attached to the plate ef toe ands oriy, 

The meike? usei in our work was the gieer difference method (9) 5 
valeh is bagel oa the well-known differemtial equations of equllibri-~- 
un in Cartesian eocriinates. Tale metros Is considerei to be the most 
posartul, diveet ant geseral of ell available methods for tho determina- 
tion of normal sirvesses an: deserves mick wider wen ihan it has received, 
lt is relativeiy Cael eat simple ww gives resulte of high securacy, It 
is replasing ali oihar metheds fox the determination of the separate 
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Tos principal objective of this thesis was to determine the shear 
stress Cistribution on the aide bowrieries of a piate loaded in ite own 
plane, ami the variation of this stress distribution brought about by 
adding support on the bottom and finally by adding a centerline stiff. 
ner. 

Tne photoelastic approach was used and calculations wore made Ἐν 
use of the so-called Shear Differenes Method. This method called for 
the determination cf iscalinics and isochromatic lines on the model, 

Two models of different materials were used, For the isocromtics, 
Catalin 61-893, a relatively sensitive mterial was wei, A Plexiglaes 
model was used to determine isoclinics because ite low sensitivity made 
this determination easier. The plates were loaded on e special loading 
frame by a concentrated force on the centerline, A common load of 1630 
lbs was used on ell experiments becauee this load, we felt, would produce 
the mmber of lines needed for aceuracy without critically straining the 
model. Four different conditions were examined; the plate supported on 
sides only, om sides aná bottom, oni each for tho unstiffenod ani stiff- 
encd cases, The stiffners were attached to the plate by using a epec- 
ial oclvent, Penaoolite Adhecive 0-1124, manufaoturec ty the Koppers 
Compeny, Inc., Pittsburgn. An attempt was made to obtain with strain 
gegen the load transmitted by the stiffer, The method, however, did 
not prove successful. 

The determination of the iscelinica was mace by using the Plane Polar. 
isecpe Arrangemmt with white light. The isoclinies appeared as ĉerk lines 
om the ground gless viewing ecreen. The load was veried until the best 
contrast was obtained, as isoclinies are imiependent of the loed magni- 
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tude within the elestic limit. 

The tocelinies were obtained at intervals of 10 degrees by simii- 
tansously rotating counterclockwise both polarizer end analyzer through 
that angle, snd drawing them on tracing paper attached to the viewing 
screen, 

The isochramtics were obtained by photography, using a leased 
Polaroid camera, Two different arrangements were wed vith monockro- 
matic light. The Stendard or Crosged Cireular Poleriscope prodused a 
derk field with the dark isechromatic lines corregponilng to sero emi 
integral orders of interference, while the Mixed Setup with the light 
field yielded dark iscehromtios of half orders, 

Beesume of the large size of the model relative to the lens eye- 
tem of the polariseope, it wes not possible to photogreph the whole 
mel in a single picture, Pietures were taken of the sides for cal- 
eulation purposes, and of the center to show the degree of aligzument 
of loading, 

With the data thus obtained, curves of direction of maxima prin- 


cipel stress ard of the value of fringe orders were plotted. From these 


meves tho shear stress distribution was chtaine? es shown in the 


Appendix, A more detailed ciseussion of the procedure can also be four 


in the Appendix. 
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With the unstiffened plate supported at sides only and an 
applied load of 1650 pounds, the computed value of shear reaction 
on each side was 744 pounda, 

With the unstiffened plate supported at sides and bottam and 
&n applied load of 1650 pounds, the computed value of shear re- 
action cn each side was 382 pounda, 

With the stiffened plate supported at sides and bottom and an 
applied load of 1650 pounds, the computed value of shear reaction 
on side was 451 pounds. 

The distribution of shear stress over the plste edge for the 
three conditions of restraint is shown in Figure 1, The effect of 
the added bottom support was to displace the shear stress distribu- 
tion curve toward the top of the plate. 

It was found that the addition of the stiffener with the bottom 
support has the effect of increasing the side shear reaction. 

lsociramatic aná isoclinie patterns for the three conditions of 
restraint were obtained and are shown in the Appendix. 

The attempt to use strain gages for obtaining the load taken by 


the stiffener proved inconclusive, 
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FIGURE I 
SHEAR STRESS DISTRIBUTION 
l - Unstiffened plate supported at sides 
2 = Unstiffeneä plate supported at sides and bottom 
3 = Stiffened plate supported at sides and bottom 
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In order to evaluate the results of the experiment, it le necessary 
to consider the degree of accuracy of the methods used. This accuraay 
is dependent upon the precision of each step in the experimental procaed- 
ure, namely, the measurement of the applied external load and the de- 
termination of the internal stress distribution. 

The load cell ami the Baldwin Indicator used to measure the ex- 
ternal load applied through the load pin wes estimated to have been 
accurate within 2%. 

The determination of the stress distribution was dependent upon 
photo-elastic results and, therefore, ite aecuracy was limited by the 
difficulties encountered. 

The fringe constant as determined from the tensile model test was 
82.7. All references indicate a fringevalue of 85,0 for the material 
used, This difference can be attributed either to experimental errors 
or toa difference in the material itself. This difference, however, 
Will have no effect on the shepes of the computed shear estress distri. 
bution, as the same value ís used throughout. The apparent accuracy 
of the shear difference method will be affected, since the value of 
the shear reaction at the plate sides is directly propertianal to the 
value of the fringe constant. 

The most inaccurate part of the experiment is believed to have been 
the determination of the isoclinic lines, These lines appeared as broad 
bands at some angles end as very faint lines at others, meking the exact 
tracing of the pattern extremely difficult. 
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Little difficulty vas experienced in the determination of the iso- 
chromties, however, exact centering of the load was never completely 
attained, 

Edge effects present in the top ani bottom edges of the plate 
changed slightly the isechromatie pattern in this vicinity and obscured 
some isotropie points, but should not have influenced the values of the 
fringe orders at the sides, 

The use of two plates might have introduced some error beenuse the 
side restreint might not have been exactly reproduced. It is felt, 
however, thet this possible error was of minor order, 

It was possible, in the ease of the unstiffened plate supported at 
the sides only, to check the overall accuracy of the method, since the 
applied load should have equalled the total reaction, The applied load 
was measured ag 1650 pounds, and the total reaction was computed as 
1488 pounds. The overall experimental error, then, waa 162 pounds or 
9.8%, 

By the addition of bottom support the total side reaction was re- 
duced from 1488 pounds to 764 pounds, a reduction of 48.8% as should 





be expected, 

With this seme condition of restraint and the addition of a ver- 
tical centerline,stiffener, the total shear reaction increased to 902 
pounda, an 16.1% inereese, 

At first thought this night seem unreasonable because tbe addition 
of the stiffener would apparently increase the share of the load taken 
by the bottom. This, however, was not the case, The share of the load 
taken by the bottom is proportional to the deflection thet the plate 
would have if there mes no bottom support, The addition of the stiff- 
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ener naturally insreased the bending stiffness of the plete, reducing 
the deflection that otherwise would have taken places in an unstiffened 
plate, 

The shear stress distribution obtained for the unstiffened plate 
with side support wes approximately parabolic in shepe, with the maxi- 
mua value occurring approximately at .667 h (plate height) from the top. 

When bottom support was added, the curve became flatter ani was 
displaced toward the top. Twe distinct humps cf maximum shear stress 
were observed located at approximately .250 h and ,563 h from the top. 

Addition of the centerline stiffener with this same condition of 
restraint did not cause any marked change in the shape of the stress 





distribution curve. The inerease in shear stress wes more pronounces: 
toward the top edge of the plate. 

During the loading, the stiffened plate supported at the sides 
omiy, failed before the 1650 pound load used in the previous parts of 
the experiment was attained. It is believed that the failure can be 
attributed to the tri-axielity of stress developed at the stiffener 
connection, This ia born out by the fect that the crack ran parallel 
to the stiffener weldment., It ig intersting to note that the eraek 
occurred in the plate itself indicating that Penacolite G-1124 pro- 
vided a strong bond. Figure XIX shows a close-up of the plate after 
failure. 

One other factor may or may not have affected our results, The 
plate vas stress-relieved in the Laboratory oven to remove any effects 
of the first tro parts of the experiment. During this stress relieving, 
& sunll area of the plate became plastic aa a result of uneven henting 


in the oven, Upon rebardening, blotches appeared on the plate surface. 
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Tre plate was reheated to 250° F and allowed to soak for s weekend. 
This apparently corrected these surface defecto as the blotches all 
but diseppeared, 

The attempt to obtain the load transmitted through the stiffener 
wes not successful beeause an improper technique was used. The strain 
gages indicated only local strain on the stiffener and thie strain 
varied throughout its length. The total load, therefore, could not be 
evaluated. 
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Y... CONCLUSIONS 


The Shear Difference Method, as used in this experiment, yields 
en overall accuracy within 10%. 

The addition of a centerline atiffener reduces the pert of the 
load taken by the bottom, 

The addition of bottom support shows a definite trend ín ĉis- 
placing the shear stress distribution curve toward the top edge of 
the plate, Also, this distribution curve becomes flatter and ex- 


hibits two distinct humps es compared with the parabolic shear dis- 





tribution obtained with tke side supports only. 

The addition of a centerline stiffener does not appreciably 
affeot the shape of thie eurve; however, the value of the total shear 
reaction, represented by the area under the curve, is inereased, 

The addition of a stiffener introduwoes tri-axiality cf stress 
that may become critical at high loadings. 

Penacolite G-1124 is an effective bonding adhesive in welding 
Catalin 61-893. This fact makes possible the use of this sensitive 
photo-elastic material in built-up models, 

The technique used in evaluating the load transmitted through 


the stiffener proved unsatisfactory. 
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1. It is recommended that this photo-elastic study be continued 
aná that emphasis be placed on: 

a. Utilization of various espect ratios so that ita 
effeot upon the shear stress distribution can be 
evaluated, 

b, Utilization of more stiffeners symmetrically arr- 
anged to verify the trend displayed in this experi- 
ment. 

2. Future studies should utilise two plates, namely, Catalin 
61-893 for determination of isochramaties and a less sensitive 
material, such as Lucite, for determination of isoclinic lines. 

2. An effort should be made to evalunte the load transmitted 
through the stiffeners, It is believed that this could be aceon 
plished by utilizetion of several emall strain gages mounted at 
various locations along the length of the stiffeners. In this 
way the stress distribution over the length of the stiffeners 
may be determined, 
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There aro meny stress analysis problems In which the deformation 
1s essentially parallel to a plene, These sre called two-dinmeionel 
probleme. Plates of any shepe but of constant thickness ected an by 
forees cr couples in the plane of the plete may have such shspes that 
the stress distributions are very difficult to determine analytically 
end for such cages the photo-elestíc method hes provod very vseiul. 
In this method, models cut out of a plate of sn isctropic traneparent 
material such es glass, celluloid or teakelite are wed. It is well 
known that under the action of stresses these materials beoome doubly 
refracting and, if a beam cf polarised light is passed through a trang 
parent model wer stwess, e pieturo with oclored bands or with dark 
and light fringes may be obtained, 

In the following explanation, we ragard an ordinary beam of Light 
as comsisting of vibraticns in e11 directions transverse to the dim 
ection of the ray. By passing the beam through a Nicol prisa or a 
Polsroid disco or by reflecting 1t from a glass plate covered on one 
side with black paint, one obtains a more or lees polarised’ beam of 
light in which transverse vibrations in a definite direction prevail, 
This is the kind of light used in investigating stress distributions 
in plates, 

In Fig. XIV-A, "abed" representa a transparent plate of uniform 
thickness anl "O^ ig the point of intersection with the plate of a 
beem of polarized light perpendicular to the plate. Suppose thet GA 
represente the plane of vibration of monochromatic light end that the 
length OA y a represente the amplitude of this vibration. Lf the 
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Vibration is considered to be simple haramlı, the displecenments may be 
represented by the equation 

B æa cos pt (1) 
where p is proportional to the frequeney of vibration, which depenás on 
the color of the light. 

Imagine now that the two principal stresses 8, and &,, different in 
megnitude, are applied to the edgee of the plate. Due to the difference 
in the stresses, the optical properties of the plate alse become differ. 
ent in the tw perpenitoular directions. Let v, and v, denote the vel- 
ocities of light in the plenes OX and OY respectively, The simple vibra- 
tion in plane OÀ ig resolved into two componerte with amplitudes 
OB a copa and QC æ e sinyin the plenos OX end CY respeotively, and 
the corresponding displacements are 

X= A Cona gos pt; y z a sing cos pt. (2) 

If h is the thliemess of the plate, the intervals of time necessary for 
ihe two component vibrations to cross the plate sre 





τω "ye ` (3) 


end vibrations (2) after ercsaing the plato are given by the equations: 

% 2 a cos ~ cos p(t - t) ; Yy œ a sia « cos p(t - 4,). (4) 
These components have the phase difference p(t, ~ t,), due to the atri- 
erence in velocities (v, is assumed greater than v_). Experimenta show 
that the difference of these velocities of light ic proportional to the 
difference in the prinoipel stresses; that i9, v, - v, 2 o(s, - 9,). Thea, 
teking inte aecownt the fact that the changes of velocity of the light ara 
very small ami denoting by v the velocity of the light when the stresses 
are gero, we obtain the epproximte equation 
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where c ig & zonstacrí dependent on the piyeleal properties of the mat- 
erial of the plate, 





The differenca of the tro prinsipal stresses es: the 
found ty meanurirg the difference in phase of the two vibrations, This 
gan be done by bringing them Into interference in the same plane. For 
this purpose, another Misol prisa or Polaroid disc (called the analyser) 
18 placed behind thea piste in aueh a position as to permit the passage 
of vibrations in the plane "ασ perpendicular to the plane Gi only. The 
the amplitudes OB) = OB sine & eosa sinos 1/2 e sin 2oc and OG) = OG 


components of the vibrations (4), which pass thro 





Cosa z & pino cora s 1/2 a ein 2x. The resultant vibration in plane 
"un" 15 
00, eos p ($ - 12) ~ OB cos p (4 - %) = 
» 1/2 a sin 2x cos p (4 - 15) - 1/2 a sin 2a0e08 p (4 - %) = 


= (a sin Zx sin p &-5) sin p (t - M + ta) 
2 2 (6) 


This {8 a elmple harmonio vitwation whose amplitude is proportiomi to 
sin 1/2 p(t, - %): hence the intensity of the light is a fmotion of 
the difference in phase p (t. - t.) or, fram eg. (5) & funetton of the 
difference of the two principal stresees. 

If the stresses 5, and s, ere equal, ty ant t, are also equal and 
the amplitude of the resultant vibration (6) is sero, that is, the light 
is not transmitted at the point O and a dark spot occurs on the soreen 
behind the analyser. There will be darkness also whenever the angle 


1|2 p (t5 - t4) < me (7) 
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where n is au integer, τος παπα intensity of light will be outained 
when the difference in principal stresees is auch thet 


1/2 Plt, - ty) = an +3 


By substituting t, - t. from eg. (4) into eq. (7) awl then settiag 


one 
one gets 
8. 7 & 3 4 Am a Ka (9) 


denoting that there will be darimens whenever the éifference cf the 
principal stresses becomes equal to en integral multiple of Ka. 

To determine the value of Zz, let us replace the element “abed” 
(Tig. XIV-A) under blaxiel stress ty & strip of similar waterisl under 
simple tension (m, = 0). By gredually increasing ihe tensile stress Sy, 
we obtein a dark picture of the strip on tie sareen each time eq.(9) is 
fulfilled, In this manner we can ostabliah experimentally, for a given 
material of givea thickness, th: stress corresponding to the interval 
between teo ecneecutive dark pletuces of the apectmen, With this in- 
formation, ve oun determine tho total stress in e strip wder tension 
by counting the number of intervale batween te consecutive dark imwes 
ooeurring during the gradual loading of the specisen, 

With X, known, the photo-elastic metho’ gives the difference, 
Sy - By, of the two principal stresses as discuanel in the second pare- 
graph above, Ti also gives the maximum shearing strass directly be- 
cause the maximum shear stress 15 equal to 1/2 (&y - sy ). Hansa oq. (9) 
may bo written in the form 

(Saas $ YE (10) 
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where K . K,/2. So it may also be stated that there is darkness when- 
ever (Bg)may becomes equal to an integral multiple of K. 

Each of the dark fringes in a stressed epecimen is the locus of 
points where the maximue shearing strese or the differance of the 
principal stresses 15 constant. By watching the epeoimen while the 
load 19 applied gradually, we may see how the number of dark fringes 
increases with increase of load, The new ones always appear st the 
top and the bottom of the beam and gradually move toward the neutral 
plane so that the fringes becoma more aml more closely peexed. The 
stress αὖ any point is then obtained by counting the number of fringes 
which pess over tho point, 

Having introduced some of the basio theory wderiying the photo- 
elastic method of stress analysis, let us consider in more detail tae 
photo-elastic equipment used for quantitative work. The Polariscope, 
as the apparatus ia called, consists of the elements shown in Fig.XIV-C, 
The source of light may be an ineandeseent lamp giving white light or 
& mereury vapor aro lamp giving monoehromatio light. The former will 
give a pattern cf brilliant bends of different enlors or hues each one re- 
presenting a constant value for the difference between the two prin- 
cipal stresses. These bends have been designated by the name “iso- 
chramtics". The alternate bright and dark lines formed in nonechro- 
matic light are also iscehromties (though sometimes called interference 
"fringes") and are distinguished from ome another according to the value 
of n. consequently, they are often refered to as the isochramatice of 
sero, first, second order of interference, and so om. The water cooler 
removes heat energy from the light rays so that the Canada belasa in 
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the Nieol prisma will not melt. The purpose of the quarter-wave plates 
will shortly be discussed. 

Returning to a consideration of eq. (6), we see that the amplitude 
of vibration of light passing through the analyzer is proportional also 
to sin 2x, where œ is ihe angle between tho plane of polarisation and 
the plane of one of the principal stresses (Fig. XIV-A). If these two 
planes coincide. sin 2xis zero end we obtain a dark spot on the sereen. 


Henee in examining a stressed transparent model in pclerized light, we 






observe not merely the dark fringes discussed before but also dark lines 
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(isoelinies) connecting the points at which one of the principal stresses 
eoineides with the plane of polarization. By rotating both Nicol prisms 
and marking the derk lines on the imge of the stresse plate for vari- 
ous directions of the plane of polarization, we obtain the system of so- 
called isoclinie lines which join together points with the same direc- 
tions of prineipal stresses. Having these lines, we can drew the lines 
which are tangential at each point to the principal axes of stress. 

These latter lines are celled "the trajectories of the principal stress- 
es". Thus the directions of the principal stresses at each point of 

the plate can be obtained experimentally. 

These isoclinics may be distinguished from the stress fringes by 
rotating both Nicol priems alike. The stress fringes do not shift posi- 
tion but the iscclinies do, Usually, however, the Isoclinies are re- 
moved entirely by inserting quarter-wave plates es shown in Fig. XIV-C. 

A quarter-wave plate resolves a transverse vibration into two campon- 
ents at right angles to each other; this plate is made of a doubly refracting 
material such as mica and with such e thickness that it retards one of 


these components of vibration e quarter-wave length more than the other. 
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The first quarter-wave plate in Pig. XIV-C with ite axis at 45° to the 
initial plane of vibration of the polarized light, produces teo compon- 
ent displacements, one parallel to its axis and one perpendicular thers- 
to. Thase displacements very exactly in the same manner as the coordi- 
nates "ut and "vy" of point A moving uniformly on the cireumference of 

a eirele (Fig. XIV-B) aná for this reason the light emerging from the 
first quarter-wave plate is said to be circularly polarized. The seo- 
ond quarter~wave plate in Fig. MIV-C restores the plane polarized light 
if no stressed model is present. An equation similar te eq. (6) can be 
deriveä for the vibration of a beam of light after passage through the 
poleariseope including quarter-wave plates and stressed mel. The re- 
gulting equation differs from eq. (6) in that the term sin 2a has dis- 
appeared from the amplitude portion of the expression, showing that the 
emplitude of the resulting vibration is independent of « and consequently 
no isoslinie lines are present, 

The use of monochromatic light is preferred by most workers for 
obtaining stress patterns because the dark fringes photograph much more 
readily and are eagier te use than the colored patterns. White light 
is better for obtaining isoclinics because they show up es dark fringes 
against a colored background. 

The magnitude of tho shear stress (s,) at any point on any arbitrary 
straight line across a plane le given by the expression 


(s,) s CxS. sin 26! 


where @' is the acute angle measured from the normal to the arbitrary 
straight line to the direction of the algebraically moximum principal 
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The photo-elastie method provides the necessary and sufficient data 
to evelunte (s,). The stress patterns give (a, - y) , and the isoclintes 
give the directions of the principal stresses, 1. e., tbe angle @'. The 
numerical values of the shear stress (s,) can thus be easily ealeuleted 
at all points. 

The above definition of 6' is very convenient because ita direction 
will be the same as the direction of the shear stress δα. 

The following stepa outline the procedura for applying the shear- 
difference method in our work: 

1, Drew curves of n and @' for the edge in question, 

2, Determine the direction of 67 by inspection of the θ' curve and 
by knowing the direction of? principal stresses at a particular point a- 
long the edge (intersection with upper edge in compression is an example). 

3, Compute sheer stresses at a sufficient number of points of the 
edge to permit the plotting of the shear stress curve (Sg). This compu- 
tation is made by the use of the expression 


Sp = EI sin 20° = nX sin 20 


2 
where values of n and 6' are available from step 1 and K is the fringe 
constant for the transparent material used and determined as explained 
previously. 

4. A static check is provided by measuring the aree under the shear 
curve with a planimeter or by Simpsem's rule, giving an average shear 
stress. The total shear across the edge is then given by 

V» (S,)gpean - ^ 
where A ig the area of the edge section. This value of V is then con- 
pared against the actual V. 
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Eolariasone 

All of the elements of the poleriscope required by this thesis 
were available in the Experimental Stress Analysis Laboratory, A gan- 
eral view of the Laboratory setup can be seen in Figure XVI, and & 
skematic diegram of the polarisecpe ia enclosed ag Figure XIV, 

The poleriscope wae ecuipped with sources of both white and monc- 
chromatic light whieh could be interchanged quickly. White light was 
produced by an incandescent bulb of 500 watts cap 
light was obtained from a d-o mereury-aro,. Wratten filters, 58 and 77-A, 
were used to mask out radiations other than the "green" line, This fil- 
ter also aided in obteining sherply defined fringes in the isochromatic 


a 


digrams , 

The polarizer and analyzer were Nicol prisms end because of their 
amall diameter, a lens system was required to produce a field of suffi- 
ejient size for studying the model. 


city, Monochromatic 








Quarter-weve plates were mounted on the sam stands ss the polar 
izer and analyser and were readily accessible and easily removable. 

All of the above equipment was mounted on an optical bench. This 
bench was rigid and the upper surface was free from any projecting 
brackets cr supports so es to permlt the continuous uninterrupted alid- 
ing of the lenses and prisms resting won it. The optical bench can- 
sisted of two independent parts with the load frame between then, The 
two sections were aligned and securely fastered in place. 

The part before the load frame held the light source, water eell, 
filter and auxiliary lens, polarizer, quarter-wave plate, and the first 
collimating lens. The geard pert supperted the secon) collimating lens, 
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second quarter-wave plate, the enalyzer, and the camera. 

The camera was set on two runners, ag was all the equipment on the 
bench, ———————— - 
ment provided for longitudlnal as well ag vertioal movement, Thumb 
screws could be used to losk the supporte in place both longitudinally 
and vertically. Another set of thumb sorews permitted slight transverse 
adjustment of the polariscope units. 

The lene and shutter system cf camera were removed, leaving only 
the bellows, Viewing screens and a polaroid camera were easily inserted 
at the after end of these bellows providing excellent mobility in focus- 
ing end aligning the equipment before photographes were taken, 

Although all the equipment required was available, the polariscope 
had to be set to give the best image for our particular problem. 

The first step in the setting of the polariscope vas to align the 
polarizer, analyzer, and all lenses so that their centers lay on one 
line parallel to the long axis of the optical bench which was checked 
and found to be horizontal. 

The next step waa to make gure that the field on the sereen was of 
uniform intensity and well defined. To this end the polarizer was set 
to give a circularly polerised field and the anelyzer to give a bright 
image on the sereen, This called for a mixeú setup, The lamp end other 
elements were ed justed so that the screen field was circular with a 
sharp outline, and free from color or black blotches, 

Tae elements of the pclariscope were then locked inte position and 
these positions were marked alomg the side of the bench with masking tape. 


Load franc 
I$ is obvious that ea suitable straining machine is essential for 
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photetlestis stulles, The veohl.ems In e raotoslastic laboratory are 
difforeat from those of a material testing laboratory, aná the equip- 
mont, therefore, must also be different. 

The devices wei to apply extermal loads to a model very s great 
deal depending upon individual requirements of speeial models, 

For this thesis a load frame belonging to the Ships Structure Lad- 
oratory of tae Massachusetts Institute of Teeamology was weed. 

A minute desertption end detailed courtzuetion plan for this load 
frame ie found in refermas 17, 

Te load frame ia built of alumimm, and ite parts are shon soken- 
atioally in the Appendix, 

It ie made essentially of a 2/4 inch thick base plate, to which are 
attached four vertical posta. Theme poste sre made of two opposing chat- 
nels placed im such a vay that 2 transverse loeding ber can work between 
twn, 

At the top the vertices. posts are attached to a supporting hori- 
santal bar. 

The immer posts huve holee drilled 1 1/2 inches apart te permit 
the clamping of the model, 

The outer posts have 3/4 Inch diameter holes spaced 2 inches spart 
4o permit vertical adjustment of the pivot point of the transverso 
loading bar. 

Tae pivot pin beares on two bronse bushings placed in matching 
holes ef the cuter porte, 

The load pin le sameciead te a sliding attachment on the trans. 
verso loading bar, 
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The whole [raw la supported by horizontal roller bearings on a 
steel I beam, A mroes feeding weshenima soras the load frame alo; the 
I beam providing for lateral positionlayg of the model in ite own plane. 

Tee bean rests on a mioa! table having vertical movewent. This 
table is part of the squigmens οὗ the Stress Analysis Laboretary, 

Tias, both lateral and vecticul moveusent of ths losd frame can be 
acoomplished easily, 

Some modifleations were made to sult the partiediar needs of thie 
experiment, 

One of the fundamental requirements for phoiwlestic work is Clex- 
ibliiw end seoovtheess in loading, In order to deteruine the general 
formation of the siresa pattern amd the fringe orders at a particular 
peiri, {5 foe neoeseary to wateh the growing or changing stresa pattern 
wder gradually hanging loads, 

fhe original fraw ineluted a water tank to achieve this varying 
load, Several authors recommend this weight hydraulie systexn fas 
emoothest Loading. 

Ií was desided, hewever, that the tank would intindwe complice- 
tions not caly besauege of the required water comectians but also be 
cause the high loada weeded in this problea would cause the deflections 
of ys horizontal ber to become exeeselve, introdusing misaligawmt In 
ihe loading of ihe plate, 

instead, a hydraulic Jack, borrowed from the Ships Structure Lab- 
oratory wag piaced directly over the sliding suppert of the load pin, 
The other suppers, for the jeck was provided by the uyper transverse 
been of the loud frame, 
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In this manner a higher lond could be achteved without the errors 
introduaed by the bending cf the bar, end the loa? auld be chenged 
quiekly to guit the immediato noei5 of the expeciment, This setup 
worked pretty well even though som.» difficulties var ουν ανά ia 
the aligument of the jack iteelf, By observing ths epewetry of the 
isochreaatic pattern chtained, it vas alero paella to seater the 
applied loed, 

The vertical chammele had to be cheoral to απών the model, 
The size cf the latter was limited by the width of the plate, 12 inches, 
furnished by the Cetalin Gorparatim, Allowing a margin Dar tee clamo- 
ing of the model, the distance between the vertical ports had %0 be re- 
duced to 9 3/4 inchee, 

This wae eanily secompliehed br bering an! threading new holes ín 
the base plate, 

This work was done by the Machine Shop of the Institute, 

The load was applied to the model by a 1/2 inak dlemeter aylindri- 
cal load pin, acting on the plate through a 3/16 inch diameter load pin. 
To avoid excessive strosa eoneentration ami loexi plastiese derarsa ticc 
the 3/16 inch pin did not meke direst contact with the plate. It reated 
on a small alumimm ber of 3/4 inch Length and of the seme thickness 
as the plate, 

In transmitting the load from the small alumisua bar io the plate 
itself, a thin piece of oscdboar3 with ihe um dieecemionsg as te bar 
was uged. 

This cardboard waa used to eliminate a omen CICTLeuluy presunc 
in pheto-elastic work, that of the improper distribution of load. 
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In order for the fringes to be contirmous aná sharply defined, 
stresecs ani atraine met be two-dimensional. Otherwise, braaks and 
discontinuities appear in the stress pattern. 

To eliminate such diseontimuties, the loada mast be uniformly 
distribtaitad serons the thickness of the model hy mans of soma equali- 
ge, The simplest equalizer ia » pleee of eardboerd, 

The lord pin ecomprises s built-in load call. Talea load eell is 
composed of four SR-4 type Aj? strain gages. 

Tuo of them are placed on opposite sides of the load pin and two 
are atiache’l to pieoes of aluning bar, The latter act as dummy gages 
for temperature compensation. 

Thome gages were comected euch that they farm tha arms of a Buwat- 
gtone bridge as shown in the Appaviix. This setup eliminated any indi- 
oetion of bending and geve g true indication of the axial forse through 

These gages were tested for shorts or di 





nities with e poten- 
tiometer ent were fous? to ba ín poxi operating condition. 

Tha next atep vag to calibrate the lord oell, 

Por this purpose the load pin was put in series with a Standard 
Baldwin Load Cal) belenging to the Streas Analysis Laboratory, 

The load pin gages ard its Cuales were consecte?! to an 8-4 Bald 
wir, Indiertor with a gage factor setting of 1.92. 

A oalibration eurve plotted, indiented e response of 1.058 in/in 
per pound. 

In oiler to get even numbers, whic: ero serier to work with, a new 
gage faetoo setting which would provide en indication of 1,00 1n/in per 
pounài res found, 
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Using the general equation for strain gagos indicators: 
true x G.F, trus m indieated x @ indicated, 


Fina Li — Eg (1) 


Fine AI . 2,8 
1,00 


Therefore, a gege factor of 2.03 was weed in order to obtain the de- 
sired response. 

A new calibration run was made using this value for chesking pur- 
poses, 

The calibration curve is shown in the Appendix, 

Before each mm a sero reading waa made and the value of any load 
could be easily obtained by using the conversion factor of 1.00 injin 
per pound. | 

The precision cn the load measurement wmo dependent upon the mini- 
mum resolution of the strein indicator, which was estimated to ba ebout 


2.00 injin. 





The polariscope arrangement of the Photoelastic Laboratory la that 
of trenenisnslon type, using Nieol prisa. This polariscope setup is well 
adapted for photographie work, | 

Aoeurate loading of the model is of prim importence in attaining 
good resulte, First the model used was roughly symmetrically loeded, 
then the loading was adjusted witil e ayemetrical pattern wan obtained, 

The sharpness ani general appearance of the photoelastic stress 
pattern was greatly improved by coating the surfaces of the model with 
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@ light clear oil, Mijol, aad then wiping them clean, This served the 
double purpose of removing finger marks ami filling tn many tiny 
soretches. 

The actual photegraphic work wae greatly simplified because of 
ground glass viewing wereen on The outalds part of the bellows is in- 
terchangenbla with two other frames, Coe contains a Land Polarcid cam- 
era, ani another eontaine a aneller ground glass viewing sereen, the 
same size as the polaroid print and with the same focal distance as the 
eauma itself. The procedure was to foeus the picture on this soreer, 
thea, exchange this frame for the one containing the camera. The photo- 
grape wes then taken with no diffleulty, 

The advantagen of the Land Polaroid cemara for thie type of ex- 
periment canaot be over exphasized. To have a picture derelopad and 
reedy to be analyzed in CO seconds is a tremendous help when tine is at 
2 premium. 

Aa the shutter had been removed from the camera, ea inpeoviseó 
shutter had to ba devised, 

The time of exposure required to photograph e stress pattern de- 
pends con many factors, such as intensity of light source, magnificetian 
of the image, emilation speed of the photographic film end the trans- 
parency of the motel. 
mamwally in front of the light beam. The first trials with the high 
speed film Polercid Type 44 were not satisfactory, 

In order to make exporure time Lese critical, we used the slower 





Polarcid film Type 41. Tue results were then very eetisfactery es oan 
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be seen ky the photograph: obtained, Beomuse of the large sine of the 
model it wes not possible te photograph Un των model at one Time, 

Ine proeedwre was to take a picture showing the side boundary ené 
another showing the serber part of the model. 

Three different pietures were taken fox cach condition investiga- 
ed: two of the sides, ane with the circular derk Meld arvangesmt show- 
ing the lines of integral order and another with the circuler light 
field ghowing the nal’ orders. The thirri photograph ww taken witk the 
dark fleld arrangement at the center to slow tho depree cf symastry 
attained in the loading. | 
Preneration os Mouse 

The photoelastic matecial selected for a given model is alweya the 
reguli cf a compromise to seecuce the lergeet number of desirable prap- 
eriies with iào fewest undesirable eheraceterietios, For ow experiments 
Catalin 61-893 (formerly Bakelite BT-61-893) seamed to be the best choles, 
It has good strength properties, e relatively high modulus of elasticlty, 
and, optically, is mterately sensitive to stress. Tar stresses below 
403 pal the oreep effect is negligible in a period of a few hours, The 
machining properties are reasonably good, ami ite time-edge effect is 
not excasalvea, 

The two Getalin platee orlered from the Catalin Corporation of 
Nee York arrived in the unfinished and unpolished state, Several un- 
eould be started, 

Sketches of the desired tensile model ami stiffhers wero suppiliet 
to he Institute Machine Shop. The Shop machine’ Use motel ani stifi- 
nera to the apeciiications of these sketenes, The teasile model was 
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then polished to a gmooth and clear finish. All polishing was done on 
the polishing wheels of the Experimental Stress Laboratory using a solu- 
tion of aluminum oxide and water as the abrasive. The wasel itself was 
covered with black Italian velvet. 

The plate model was also polished in the above manner, The plate, 
however, presented added complications as it was noticeably warped. An 
attempt to remove the curvature by placing the plate in cil, heating to 
240°F, soaking at that temperature for a few hours, and then cooling 
slowly, proved unsuccessful. A second attempt was made by grinding the 
corners of the plate and heating to 240°F in the small insuleted fur- 
nace of the Experimental Stress Analysis Laboratory. After several 
cycles of prolenged heating and gradual cooling with the plate resting 
on a flat piece of glass, the curvature was removed. Subsequent exam- 
ination under polarized light showed the model to be stress free. 

Horigontel and vertical reference lines spaced one inch apart were 
etched on the surface of the plate, Finally, a coat of Nujol, a light 
mineral oil, was applied to the surface of the plate to remove any fin- 
ger marks and fill in any small seratehes, 

The stiffeners, beonuse they would not be examined photoelastically, 
did not require any fine polishing. Ome SR4 Type A-7 strain gage was 
mounted on each side of the stiffeners with Duco cement. After the 
gages were mounted, the stiffeners were placed to dry in the furnace at 
80°F for about 24 hours. 

Once the first parts of the experiment were over, that is those 
With the plate in the unstiffened condition, the stiffeners were welded 
to the models. Penacolite G-1124 was used as the binding adhesive. First 
the Fenacolite was spread cn the plate along the vertical centerline 
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where the stiffener was to be welded, and also along the edge of the 
stiffener itself. After a ten minute wait the two were joined in their 
proper positions, Presaure was then applied and maintained overnight. 
Two stiffeners were used, one on each side cf the plate. The stiffeners 
were made of Catalin 61-693 ami were each 6" x 1/2" x 1/4" im size, A 
more detailed deseription of the welding procedure is given in refer-~ 


ence 16. 





The fringe constant is really a stress~optic constant for the mat- 
erial. It is a property of the material and my vary from batch to 
bateh, as slight differences in curing time and method may easily occur. 
As the stress magnitude at any point in a photoelastie model is direetly 
proportional to the fringe constant as well as the fringe order, an acc- 
urate determinatica of the former is quite necessary for satisfactory 
results. 

For this reason a tensile model was made and the fringe constent 
determined by a tensilo test. The model was placed in a loading frame 
es shown in Mgure XVIII. The ciroular polariscope with the dark field 
arrangement was used anc a tensile lead was gradually applied to the 
model. The load was measured by a Baldwin SR-4 load cell connected to 
a load cell analyzer, At the start e no-load reading was taken. As 
the lord was increased, 





onatio lines appeared as a dark shadow 
over the entire shank of the model. This shadow appeared, became dark, 
ami disappeared in cycles as the load was gradually increased, The 
darkest eclor of each cyele indicated an integral order of interference, 
and strain readings were taken as each order appeared, After six orders 
were chserved, the load was gradually reduced and readings were taken as 
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the comers reappeared. This procedure was repeated and a graph of 

strain reading in p-in/in versue order of interference, Figure XIII. 
was plotted. ‘The slope of this curve was determined as 310 73D /14/ 
order. Using the formula F.C. m i At equation(12) (where At is 
the slope of the curve with l 1b equal to 19 u- in/in and b equal to 
the width of the tensile model in this case .275 inches), the fringe 
to be 82,7 Lb Jin- order wiin monocromatic 





constant was determina 


Light of wave length 5461 A°, 





Ones these preliminary items were dispoged of, the actual experi- 
mental work was started, 

The wietiffened Catalin plate was placed in the load frame vith ite 
bottom edge two inches above the base plate of the frame. The plate 
was temporarily supported by two rectangular steel bears each one insh 
thick and placed one on top of the other. Two thin steel plates with 
flat edgea were used on each emi of the plate. By pleeing one of these 
plates between each side of Catalin plate and the channels of the load 
frame, better clamping was obtained than would have heen possible had 
only the rounded edge channels been used. The serews were tightened 
by hand and the model centered between the edge supports. The elamp- 
ing was then completed by tightening the screws with wrenches, The 
scerews were tightened fram the canter of each edge outward towerd the 
top and bottom. Approximately equal pressure was put on each screw 
in an attempt to make the clamping as wifam as possible, The two 
steel bars beneath the plate were then removed. 

The cardboard equaliser and the small aluminus load bar were then 
centered on tbe top edge of the plate with the load pin centered heri- 
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£ontelly across them, The loading ara was then lowered ebout ite pivot 
point until the vertices] Load pin om the sliding attachment rested on 
tho horisontal loed pin, With the plate cleaped two inches above the 
base plate of load frame, the load arm of the fram wes nearly borison- 
tal whieh mde it easier to obtsin a symmetrical load distributic:, 
The hydraulie jack waa placed between the sliding attachment of 
the lead arm ant the upper crosg member of the load fram. Thin wooden 
blocks wore umed on each ami of the jack to aid in evenly distributing 
the load. The jack, sliding attachment, ami load pin were centered as 





elosely as possible. Proscure was applied to the jack and the load on 
the model gradually increased wntil several feochromatic lines eppeared 
on the viewing screen. 

Usually the load was not made cysmetrical on the first attempt. In 
these cases, the pressure was releaged anj minor adjustaenta mede to the 
position of the Jack, sliding attachment, and loed pin. The pressure 
was reapplied ani the whole procedure repeated until a eymeetrical die- 
tribution of loei was observed, A load of 1650 pounds, enough to give 
suffieieut lines for calculation purposes and still not overstress the 
plate, was applied. 

At tis point tho large viewing sereen was removed and tho smaller 
one inserted. Thie small sereen displayed an image of exactly the same 
size as that which could be reproduced by the polaroid camera. In addi- 
tion, if the image was focused sharply on the ecreen, the same focus 
vould be sharp foe the esmera. The viewing sere and camera were not 
large enough to repeoduee the image of the whole plate, Separate satt- 
ings and photographs kad to be made for tho center ani the side. 

The model image wac centered on the viewing screen by adjusting tne 
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eupporting table and cross feed mechanism of the load frame, The 

image was sharply focused om the viewing eereen, ami the screen replaced 
by the polaroid camera. The load was rechecked and the photograph tak- 
en, | 

In taking the photographs, the exposure time had to be judged by 
trial ani error einee the shutter and lens system of the camera had 
been removed to fit the camera into the bellows of the poleriscope, 

{he correct exposure time was achieved by using two cardboard sheets. 
The two sheets were held flat against each other forming a trianglular 
slit between them, One sheet was held in front of the quarterwave 
plate and analyzer while the light excluding slide of the camera was 
removed. The sheets were then rotated smartly gerose the light beam 
until the second cardboard covered the quarter wave plate opening. The 
slide vas then replaced across the camera mouth, After a sixty second 
wait tho picture was removed from the camera, 

The load frame was then moved with the cross feed mechanism un- 
til the desired image of the plate side appeared on the viewing screen 
which was now substituted for the camera. The side which gave the 
clearest image was selected and the above procedure repeated to give 

raph of the integral ordera at the side, A 1650 pound 





was used for all — of isochromatics to allow a better cam 
parison between photographs. 

The half order isoelinics were obtained by rotating the polar- 
1zer 907 giving a circular polariscope with the light Meld. These 
half order isoclinies allowed more points to be plotted on the fringe 
order eurve which was used in the shear difference method computetions, 


all απ επαῖ «αὶ τι, Asc 1α“, ἀντ oe «au^ Wes Ping 
υν-αἴπῳ» «αἴ α-ἲ ar Eae pelir at w ceus pisia wr carm 
Las Muvewwhodn ad a bsa wm Dam) nt ση Dome sé πώ 
—⸗ m 

"d aai, a6 ot led me στώφεπες A era αἰ patter al 
bes memes odi Ίο Maimu maf bis adi OU cadio aofa Me Ini 
serie WG Ye a «af or asa wit £2) οὐ rawr Deed 
vets ED O p ci ehbo e mbt muons Tonne emp 
wfft s pimo mje μον Φθπεέπφοι 6111 ῥῶ ES AA παρ 
etree δε. Ἢ Φ8ΡτῚ ο) bies wa Pa oO say aeto ok 
οσο ο ον ο η ο πο ο maig 
ST db qe οὐκ συ πο MÈ fete ts mess m [Isos 
col ete o Taria dior green end e-—— E a a sotia 
(000050 7 5 0 mesh mH) novo fwyacws Mv wadely wo ila. 
aw miria bes on wih dh Devas BAI AAV Cm [eod we ο 
amaa piesis «5i so boa obia staty sè "e eget taleed us? Sir 
ld wp τη ολα κος ree ats OY tare ⸗- Αν 
wile οὐ Dele DO, στο «i s γπεσείνο e op) pasake 
fot fey OFA ANA ναῷ 6. at AR a ds e α 
as rbd c amio e retorne: TO mer aros fie wl bm) ere 
. - a ies tems! aa 
io a giver ql Miter ος αφ a νο ( 
«ως ed ΜΟΙ « ών οσο δια ή een s rig MR cmt 
ο ο λα ολ αλ... 
lato AR eu debe dM ο ο... 


After the load was released, the equipment wae removed and the 
sorews holding the plate ware loosened, The Catalin plate was then re- 
moved, and the Plexiglass plate was placed in the frame in the same 
zanner, 

4s igoelinic lines de not vary with load within the elastic limit, 
the load which gave the clearest pattern of isoelinic lines sas applied 
to the model, 

The quarter wave plates were removed and white light through the 
Wratten filter wee used, 

The large viewing ecreen was inserted and focused since tracing 
paper rather than photographs were used to reproduce the isoclinics, 

The symmetry of load wag attained by checking that the 0° iso- 
elinie lay along the vertical centerline of the plate, After the load 
was centered the load frame was moved to the clearest side. Tracing 
paper was taped over the sareen ami the reference lines of the plate 
image were drawn. 

The polariser and analyzer were simmltaneously rotated 10? oounter- 
eloakwise and the 10° isoclinie lines were traced on the paper and label- 
ed. The polarizer and analyzer were rotated 16° more, and so on until 
8 (11 cycle, 90° was recorded. Intermediate angles were recorded when 
they appeared necessary for the clarity of the pattern. 

This entire procedure for obtaining the isoehromaties and the iso- 
clinic lines was repeated far the unstiffened plates supported on the 
bottom as well as the sides, and for the stiffened plates in both supp- 
art conditions. 

The prosedure was varied slightly when bottom support was added, 

A piece cf cardboard was placed between the bottom edge of the plate 
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and the base plate of the load frame, While the screws which clamped 
the sidea of the plate were being tightened, light pressure was epplied 
to the plate forcing it against the frame base plate. These two steps 
were taken in an attempt to insure even distribution of support across 
the bottom of the plate. The support table for the load frame had to 
be raised two inches to center the model in tbe light bean, and the load 
arm pivot point had to be dropped two inches to pernit tho load arm to 
remain nearly horizontal when the load pin rested on the top edge of 
the plete. 

The strain gages atteched to the plate stiffher and the dummy gages 
for temperature compensation were comnecte?d forming the arms of a Wheat- 
stone Bridge, A zero reading aná subsequent readings as the load was 
gradually increased to 1650 pounds were recorded, These readings were 
plotted as strain on stiffner versus applied load as shown in Figure XX. 

Daring the determination of the isochromatios of the stiffened 
plate with side clamping only, the Catalin plete failed before the 1650 
pound load was reached, A loud snap was heard end the load was immed- 
lately removed. The plate was examined and a large crack ruming up 
from the bottom edge, parallel to the stiffener, was observed. This 
failure is shown in Figure XIX. 
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UNSTIFTENED PLATE 
Supported at sides only 
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Station Order ~ 
Q (Tap) 80 90? 
1/2 1.23 50.0 
1 2.15 32.5 
l 1/2 3,60 27.0 
2 4.50 25.0 
2 1/2 5.01 25.0 
3 5.20 26.5 
3 112 5,20 29.0 
de 4, 89 32.5 
4 1/2 4015 37.0 
5 3.38 37.5 
5 1/2 2.50 27.0 
6 (Bottom) 2.00 0 


Applied load at center of plete -— 1650 lbs. 
Computed shear foree on each edge ~ 744 lbs. 
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PLATE 
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Supported at sides only 
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Load 1650 lbs, 





Ανα cha 


UNSTIFFENED PLATE 
Supported at sides and bottom 


Station Orie REN 
O (Top) Q 9o 
1/2 1.1 51. 
1 2.1 29 
11/2 2.9 22 
2 2.1 20 
2 1/2 2.9 21 
3 2.7 25 
31/2 2.4 30 
4 2,0 36 
4 1/2 1.6 41 
5 1.2 46 
51/ i? 50 
6 (Bottom) 2 55 


Applied load at center of plate - 1650 lbs, 
Computed shear foree on each edge - 382 Lbs, 
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FIGURE III 


UNSTIFFENED PLATE 


Supported at sides and bottom 


Load 1650 lbs 





Station 


G (Top) 
1 2 


112 
2123 
3 

312 
412 


512 
6 (Bottom) 





Applied load at center of plate - 1650 lbs. 
Computed shear force on each edge - 451 lbs. 
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STIFFENED PLATE 


Supported at sides end botton 
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FIGURE IV 
STIFFENED PLATE 


Supported at sides and bottom 


Load 1650 lbs 
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I SCC OMMO ρα σαν 
Unstifienea Plato 
Supported ΒΤ 514685 only 
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FIGURE VI 
ISOCLINIC PATTERN 
Unstiffened Plate 
Supported at sides and bottom 
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FIGURA VII 
ΞΟΐΘΙΝΙ PAL WEN 
-tiáffomed "leete 


Supporied. pt sidesmMmebc OO. UOr. 
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FIGURE VIII 
ISOCLINIC PATTERN 
Stiffened Plate 
Supported at sides only 


(on a 
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Center - Dark Field 


SIGUAE IX 
ISOCiLiONMATIC PATTERN 
Unstiffened plate 
Supported at sidss only 
Load 1650 lbs, 


Cn 








πάω =- Light Field Edge - Dark Field 





Center - Dark Field 


FIGURE X 
ISOCHROMATIC PATTERN 
Unstiffened plate 
Supported at sides and bottom 
Load 1650 lbs 








28.5 

52.0 

62.3 
101.0 
136.0 
173.5 
210.5 
247.5 
267.0 
286.1 
325.0 
368.5 
382.5 
408.5 


XADLL LV 
LOAD PIN CALIBRATION 


FOUR Sid TYPE Λ- 7 VIKE STRAIN GAGES, G.F, a. 1,91 


BALDWIN STRAIN INDICATOR SETTING: G.F. - 2.03 
&seding 
12 - 0527 
12 - 0499 
12 - 0476 
12 - 0464 
12 - 0428 
12 - 0391 
12 ~ 03553 
12 - 0320 
12 ~ 0280 
12 - 0261 
12 - 0241 
12 - 0205 
12 - 0160 
i2 - 0146 
12 ~ 0120 


Calibration constant - 1,00 p in/in per pound 
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TABLE Y 


Calbiration Constant - 310 y-in/in [order 


(η 
C 


ER 
10 - 0830 
10 - 1130 
10 - 1437 
10 - 1745 
12 - 0047 
12 - 0370 
12 - 0700 
LO - 0815 
10 - 1109 
10 - 1415 
10 - 1710 
12 - 0020 
12 - 0350 
12 - 0655 


Lora 
10 - 0825 
10 - 1125 
10 - 1425 
10 - 1750 
12 - 0056 
12 - 0370 
12 - 0700 
10 - 0810 
10 - 1100 
10 - 1410 
10 - 1715 
12 - 0035 
12 - 0655 
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FIGURE XIII 
FRING: CONSTANT CALIBRATION 


EXT 


tu 3 


+ 
HR 


+ 


x 
+ 
TB 


+ + 
+ 
lH 


a 


eee 
déc 
+ 


+ + 
++ 





POO I FE gra, 


DI NND WDH 
LI NEN N ος ,ς ο 


NO 








1 ()Ω) ὦ 


Light Source 
Condensing Lens 
Cooler - Jar o? Water 
Nicol Prisn Polerizer 
¿uerter-wave Plate 
Color Filter 

Lens 

St-essed Model 


Lens 


(5) (6) (7) 
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(10) 
(11) 
(12) 
(13) 






(9) (0) 11) (12}-4 (13) 


Cuerter-wave Plate 
ili col Prism Analyser ° 
Lens 


Sercen or Camera Film 
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FIGURE XV 
SCHEMATIC DRAWING OF LOAD FRAME 
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FIGURE XVII 


Close-up of Load Frame 


FIGE XVIII 


Tensile Model in Moklow-Saith 
Loading Machine 


FIGURE XIX 


Close-up of Stiffoened Catalin Plate 
Model After Failure 

(Note cracks resulting from restraint 
caused by stiffner) 


fts 
f. 
NN 











Γ M 





ve Ὁ 











=: 22g Re 22242 


P 


= 











N πιστα | 


Ην WM | | 


ΠΡ» 


i — 


ΜΝ... 


: 
= 
: 

















mA aT T yx 
STRAIN ON STIFFENER 











Load 
Reading Agua) Veale ERRADA 
(156) 
12-0520 O 2-1025 0 
12-0477 45 21095 7O 
12-0410 112 221219 185 
12-0300 222 21370 345 
12-0180 342 251200 475 
12-0120 402 2-1660 635 
12-0042 460 21730 "705 
10-1995 327 2-1890 865 
10-1870 652 4-000) 9'75 
10-1825 697 4~Q039 1005 
10-1690 832 40295 1270 
10--1630 892 4-0370 1345 
10-1555 967 4-050) 1475 
10-1420 1102 4- 0720 1695 
10-1370 4152 4-0820 1795 
10-2310 1212 4- 0910 1885 
Once Factors: 


Loed Pin ~ 2,03 
Stiffener - 1.91 
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